The goal of targeted ultrasound contrast agents is to significantly and selectively enhance the detection of a targeted vascular site. In this manuscript, three distinct contrast agents targeted to the A V B 3 integrin are examined. The A V B 3 integrin has been shown to be highly expressed on metastatic tumors and endothelial cells during neovascularization, and its expression has been shown to correlate with tumor grade. Specific adhesion of these contrast agents to A V B 3 -expressing cell monolayers is demonstrated in vitro, and compared with that of nontargeted agents. Acoustic studies illustrate a backscatter amplitude increase from monolayers exposed to the targeted contrast agents of up to 13-fold (22 dB) relative to enhancement due to control bubbles. A linear dependence between the echo amplitude and bubble concentration was observed for bound agents. The decorrelation of the echo from adherent targeted agents is observed over successive pulses as a function of acoustic pressure and bubble density. Frequency -domain analysis demonstrates that adherent targeted bubbles exhibit highamplitude narrowband echo components, in contrast to the primarily wideband response from free microbubbles. Results suggest that adherent targeted contrast agents are differentiable from free-floating microbubbles, that targeted contrast agents provide higher sensitivity in the detection of angiogenesis, and that conventional ultrasound imaging techniques such as signal subtraction or decorrelation detection can be used to detect integrin-expressing vasculature with sufficient signal-to-noise. Mol Imaging (2004) 3, 125 -134.
Introduction
With recent advances in molecular science, the opportunity has arisen to design targeted ultrasound contrast agents. Unlike blood pool agents, site-directed contrast agents are intended to selectively enhance the detection of diseased tissues, which would be otherwise difficult to distinguish from surrounding normal tissue. These novel targeted contrast agents permit noninvasive detection of thrombus, cancer, inflammation, or other sites where specific integrins or other adhesion molecules are expressed. Site-specific adhesion molecules such as monoclonal antibodies, peptides, asialoglycoproteins, or polysaccharides are incorporated into the shell of the microbubble or liposome [1] . After injection into the bloodstream, the targeted agent accumulates via adhesion receptors at the affected site, enhancing detection with a clinical imaging system [2] . Tumor targeting has demonstrated promise with magnetic resonance imaging (MRI) [3] [4] [5] [6] , nuclear medicine [7, 8] , and most recently, ultrasound [9, 10] , as researchers have demonstrated the success of targeting specific contrast agents to the a V b 3 integrin, permitting noninvasive monitoring of angiogenesis.
The a V b 3 integrin promises to be an effective target for molecular imaging of cancer, due to its role in angiogenesis. Angiogenesis, which is the formation of new blood vessels, has been shown to be necessary for malignant tumor growth and metastasis [11 -16] . The a V b 3 integrin is expressed during angiogenesis and has been shown to correlate with tumor grade [17 -20] . It is typically expressed on various malignant tumors, as well as on endothelial cells during neovascularization [14,21 -24] . Therefore, a V b 3 is an appropriate receptor for targeted ultrasound imaging where adhesion of contrast agents to endothelial cells provides the signal enhancement.
Ultrasonic contrast agents (UCAs) are encapsulated microbubbles on the order of 1 to 10 mm in diameter. UCAs are filled with air, or a gas with a lower water solubility than air, such as a perfluorocarbon. The difference in acoustic impedance between blood or tissue and the gas within a microbubble results in UCAs being extremely echogenic, such that the presence of even a single UCA can be detected with an ultrasonic imaging system. Typically, a small amount of contrast agent (ranging from mL to mL) is injected into the bloodstream during an ultrasonic exam to enhance measurements of tissue perfusion or assist in delineating anatomical features. Successful targeted contrast agents must bind in sufficient quantities at the desired site, and resonate with sufficient echogenicity to produce a detectable signal change when interrogated with an imaging system.
In this work, we aim to enhance the sensitivity of ultrasound to tumors by targeting cells which express a V b 3 . For this purpose, targeted UCAs incorporate either cyclic analogs of the arginine -glycine -aspartic acid (RGD) ligand, or the anti-a V b 3 antibody LM609.
Previous studies of targeted contrast agents directed towards angiogenesis have demonstrated that the retention of targeted microbubbles in a V b 3 -expressing vasculature can enhance ultrasound echoes from the sample volume [9, 10] . Although these studies illustrate the potential of these targeted contrast agents, prior measurements of signal enhancement have been based on video intensity as produced by a clinical imaging system. In this analysis, we provide further insight into the application of contrast agents targeted to a V b 3 through measurements of the magnitude and frequency of acoustic responses from adherent and free microbubbles. First, we demonstrate the increased adhesion of targeted agents to a V b 3 -expressing cells compared to controls, both optically and through acoustic measurements. The specificity of the targeted agents is confirmed through competitive inhibition experiments with free peptide or antibody. Second, optical and acoustic measurements are used to define the relationship between adherent bubble density and signal amplitude. Additionally, the rate of echo decorrelation and the spectral characteristics of echoes from adherent bubbles are examined, in order to elucidate the ability to use signal processing techniques to optimally detect adherent targeted agents.
Cell monolayers, including two a V b 3 -expressing lines and a null control, are exposed to both targeted and nontargeted contrast agents. The cell layers are optically examined and scanned with an ultrasonic imaging system, and the change in acoustic backscatter from the cell layer is quantified as a function of adhesion ligand, as determined from the radiofrequency echo amplitude. Inhibition with free RGD peptide or antibody demonstrates the specificity of the adhesion mechanism.
Materials and Methods

Cell Culture
Human umbilical vein endothelial cells (HUVECs) were purchased from Cascade Biologicals (Portland, OR) and cultured and maintained using the manufacturer's recommendations. A375m and VUP cell lines were obtained from John Marshall at Cancer Research UK Clinical Centre, London. For the optical and acoustic studies, cell lines were grown on either 25-mm glass coverslip circles or Kapton HN30 film (DuPont, Wilmington, DE). The 25-mm glass coverslips were sterilized by autoclaving for 20 min and then incubated with 1% w/v gelatin in PBS ++ at 37°C for 30 min. The coverslips were then incubated in 0.5% v/v glutaraldehyde/PBS ++ , followed by 0.1 M glycine in PBS ++ , and then washed extensively with PBS ++ and incubated in culture media. Cells were seeded onto the coverslips at a density of 1-2 Â 10 5 per coverslip. The cells were then incubated in a humidified tissue culture incubator at 37°C and grown under 5% CO 2 atmosphere. One to three hours after the cells attached, media was gently added and the cells were incubated at 37°C in a humidified tissue culture incubator 95%/5% air/ CO 2 overnight.
Activation of V 3
The a V b 3 expression was up-regulated with the addition of 200 ng/mL phorbol 12-myristate 13-acetate (PMA) (Sigma, St. Louis, MO), after which the cells were incubated for the indicated time at 37°C. Following stimulation, the coverslip or Kapton membrane was washed twice with PBS ++ prior to analysis.
Flow Cytometry
For FACS analysis, cells were gently detached by treatment with a dilute trypsin/EDTA solution. The average number of a V b 3 sites per cell was determined by flow cytometry using a FacSCAN cytometer (Becton Dickinson, Franklin Lakes, NJ). FITC-(fluorescein)-conjugated LM609 human anti-a V b 3 -antibody (Chemicon International, Temecula, CA) was used for quantitation of site densities. Quantum Simply Cellular beads (Bangs Laboratory, Fishers, IN), which have defined numbers of antibody binding sites per bead, were used for calibration. FITC-labeled rat anti-mouse antiserum was incubated separately with both the cells and the Simply Cellular beads. The average mean fluorescence for the targeted agents was plotted against the standard curve obtained for the Simply Cellular beads to yield the binding site density.
Microbubbles
Antibody-targeted microbubbles were produced inhouse by 20 kHz sonication of a lipid formulation comprising 1,2-dibehenoyl-sn-glycero-3-phosphocholine (PE), polyoxyethylene 40 stearate (Myrj 52), and 1,2distearoyl-sn-glycero-3-phosphoethanolamine-N-{biotinyl(polyethylene glycol)2000} (PEG-biotin-PE), 85:10:5, m/m/m, respectively [25] . Microbubbles were sized using a Coulter Particle Counter with a probe orifice size of 50 mm. Bubble diameter was visually confirmed using a size-calibrated Olympus IX-70 inverted microscope with a 60Â oil objective under bright-field illumination. Bubbles were purified from the unincorporated biotinylated lipids by flotation, and then resuspended in PBS ++ . Following purification, anti-human a V b 3 antibodies ( biotinylated MAB 1976 from Chemicon) were conjugated to the bubbles using an avidin linker technique [26] . Antibody conjugated bubbles were then repurified using the floatation protocol. Bubbles synthesized without 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-{biotinyl (polyethylene glycol)2000} and without biotin were used as a control for nonspecific ionic interaction. Bubbles made in-house using these techniques are referred to as UCD-C for the nontargeted control agents, and UCD-T for the targeted agents. Bubble concentrations in the stock preparations of UCD-C and UCD-T were $2 Â 10 6 and $3 Â 10 6 bubbles/mL, respectively. The mean agent diameter for the agents was $2.6 mm with a standard deviation of $1.7 and 2.0 mm with a standard deviation of $1.5 mm, respectively.
Peptide-targeted microbubbles were provided by ImaRx Therapeutics (Tucson, AZ). MRX-408 is a lipidshelled microbubble designed by ImaRx Therapeutics which incorporates a cyclic-RGD peptide bioconjugate ligand into the bubble membrane. MRX-408 was used in two different formulations, with 1 and 5 wt.% RGD peptide, which we will refer to as MRX-408-1 and MRX-408-5, respectively. Although the bioconjugate ligands incorporating RGD peptides used in this research were initially intended for targeting the platelet receptor GPIIb IIIa [27] and therefore may not be optimized for in vivo studies due to lack of specificity, customized cyclic RGD peptides have demonstrated potent selectivity for the a V b 3 integrin [28 -30] . The contrast agent MRX-133, which lacks the targeting ligand but is otherwise similar to the MRX-408 agents, was used as a control for the MRX agents. Bubble concentrations for each of these stock agents were similar, with a concentration on the order of 2 Â 10 6 bubbles/mL. The mean diameters for all three agents were $2.0 mm, with standard deviations of $1.6 mm.
Optical and Acoustic Studies
The Kapton film or glass coverslip with the cell monolayer was mounted into a stainless steel holder which provided a frame with a 2-mm deep well above the cell layer. Kapton film was nearly acoustically transparent at the frequency used in this study (2.25 MHz) , and is fairly optically transparent. For optical-only studies, glass coverslips were used in order to obtain better optical clarity. For blocking experiments, the appropriate blocking agent was added to the well prior to the addition of the microbubbles, and allowed to incubate for approximately 500 sec. Targeted or control bubbles were introduced to the cell layer by filling the well with PBS ++ and a small volume of the agent to be studied. This volume of bubbles added to the chamber was 10 mL, in all cases except for the studies of backscatter and decorrelation versus bubble density, where the initial concentration was reduced in increments over an order of magnitude to achieve lower densities of adherent bubbles. The well was then covered with a 35-mm glass coverslip to retain the liquid in the well, inverted, and maintained at 37°C for another 500 sec. The 35-mm coverslip was then removed, and the cell layer was rinsed with PBS ++ for 3 sec using a squirt bottle. Every effort was made to apply the same rinsing technique across all experiments. Optical microscopy was performed in order to record the number of bound bubbles per cell. In each case, 20 optical fields were analyzed for the number of bound bubbles per cell. Data were normalized to the number of bound bubbles per square micron of cell area, with the surface area of a HUVEC estimated to be approximately 500 mm 2 , and that of the A375m and VUP estimated to be approximately 50 mm 2 .
For acoustic studies, the sample was then placed in a PBS ++ bath for ultrasonic interrogation. A 2.25-MHz transducer (Panametrics V305), spherically focused at 2 in., was confocally mounted with the center of the cell layer sample. The À12 dB bandwidth for this transducer was approximately 0.6 -3.6 MHz. The sample was mounted at 60°with respect to the transducer axis to minimize specular reflections. The water bath was filled with PBS ++ in order to provide acoustic coupling for the transducer and to maintain the viability of the cell layer. The transducer was energized with a Ritec SP801 ultrasonic pulser. The acoustic pulse was a sinusoid of approximately 1.5 cycles. A Ritec BR640 receiver was used to amplify scattered echoes from the sample volume and a Ritec MDX-2 diplexor permitted transmission and reception with the same transducer. A Lecroy 9350 digital oscilloscope was used to digitize received echoes and a PC with a LabView interface was used to record data. Postprocessing was performed in MATLAB. Amplitude of received echoes was determined from the peak voltage of the received signal.
Statistics
Statistical significance between mean values was determined using the two-sided Student's t test, and significance was indicated by p < .05.
Results
Confirmation of V 3 Expression by Flow Cytometry
a V b 3 expression of cell lines was confirmed by flow cytometry. The a V b 3 receptor densities for A375m, HUVECs, and VUP were approximately 167,500 ± 22,900, 145,300 ± 33,400, and 3,809 ± 1,666 sites/cell (background level), respectively. These results are consistent with previous reports, which have demonstrated high integrin expression levels for both HUVEC and A375m melanoma lines [31, 32] . Although FACS using the LM609 antibody was unable to show changes in integrin activation with stimulation, recent studies using a reporter of a V b 3 , WOW-1, have demonstrated an increase in integrin activation of 2.4-fold with PMA stimulation [33] .
Optical Observations of Bubble Adhesion
Optical microscopy was used to measure the density of adherent bubbles to cell monolayers for control and targeted bubbles. Targeted microbubbles demonstrated substantial adhesion to the a V b 3 -expressing cell lines used in these studies. The adhesion of targeted bubbles to the null cell line and the adhesion of nontargeted agents to a V b 3 -expressing cell lines were observed to be minimal. We observed approximately 3-fold greater adhesion of peptide-targeted bubbles (MRX-408-1) to HUVEC 3 hr after PMA stimulation compared to unstimulated HUVEC (data not shown). Figure 1 is a micrograph showing the adhesion of RGD-targeted microbubbles (MRX-408-1) to stimulated HUVECs. Targeted microbubbles appear as black spheres due to their index of refraction. The image illustrates three large microbubbles and several smaller microbubbles adherent to a large HUVEC in the center of the image.
The bar graph in Figure 2A illustrates the optically determined adhesion density of antibody (UCD-T) and peptide-targeted microbubbles (MRX-408) to HUVEC. Based on the evaluation of optical images, targeted bubble adhesion to PMA stimulated HUVEC for UCD-T was 18-fold greater than the control agent, UCD-C. Additionally, adhesion of targeted agents MRX-408-1 and MRX-408-5 was 16-fold and 23-fold greater than adhesion of the control agent MRX-133, respectively. The bar graph in Figure 2B shows the number of bubbles adherent to A375m cells. For stimulated A375m, bubble adhesion increased by 6-fold for UCD-T compared to UCD-C, and by 6-fold for MRX-408-1 compared to MRX-133. Finally, the adhesion of the targeted agent MRX-408-1 to the null expressing control VUP cells was measured to be approximately 17-fold lower than adhesion to unstimulated HUVEC (data not shown). In each case, the difference in adherent bubble density between control and targeted microbubbles was significant ( p < .05). The adhesion of targeted bubbles to the null cell line was also observed to be significantly less than adhesion to the a V b 3 expressing lines ( p < .05).
Acoustic Studies of Backscatter Enhancement
The effect of targeted microbubbles on the echogenicity of the cell monolayers was measured for targeted and control agents. Data presented in Figure 3A -D demonstrate the echo enhancement for PMA stimulated cell monolayers exposed to targeted microbubbles compared to monolayers exposed to control microbubbles. Each bar illustrates a ratio of the scattered echo amplitude from the targeted case normalized by the control case, and each represents the new value calculated over 5 to 40 acoustic sample volumes. The echo amplitude due to adhesion of MRX-408-1 to HUVEC relative to the echo amplitude provided by MRX-133 demonstrated a $13-fold increase, or $22 dB ( p < .05) ( Figure 3A) . Pretreatment of the cell layer with either 50 mg/mL free RGD peptide or 20 mg/mL free LM609 antibody inhibited adhesion, and subsequently reduced scattered signal amplitude below the nonblocked case. For the LM609 blocking treatment, there was no significant difference between the enhancement of the preblocked targeted bubble and the control bubble. Pretreatment of the cell layer with 50 mL/mL of a scrambled peptide, RGA, resulted in no significant blocking effect.
Acoustic studies performed with the targeted agent MRX-408-5 and HUVEC demonstrated similar trends as those using MRX-408-1 (differences were not significant) ( Figure 3B ). Echo enhancement of 12-fold was provided by adhesion of the targeted agent ( p < .05), and the specificity of the agent was demonstrated through blocking.
Peak echo amplitude scattered was $10-fold (20.0 dB) higher from HUVECs exposed to UCD-T as opposed to UCD-C, indicating significant enhancement by the antibody-targeted bubble ( p < .05) ( Figure 3C ).
Echo enhancement of A375m due to adhesion of UCD-T was 10-fold greater than enhancement due to the control agent UCD-C ( p < .05), and pretreatment with 20 mg/mL free LM609 blocked adhesion to levels not significantly different than the control bubble ( p < .05) ( Figure 3D ).
Echo Amplitude as a Function of Bubble Density
The echo amplitude scattered from MRX408-1 bubbles adherent to HUVECs was measured as a function of adherent bubble density for two clinically relevant acoustic pressures, 350 and 2500 kPa. Figure 4A -B shows echo amplitude in millivolts (mV) as a function of bubble density for transmitted pressures of 350 and 2500 kPa. Scattered signal amplitude was observed to increase monotonically for bubble densities within the range observed, although the scatter of the data made it difficult to fit any trends. The range of bubble densities measured was from 0.03 to 15 bubbles/1000 mm 2 for the 350-kPa study, and the corresponding signal amplitudes ranged from $0.1 to 3.3 mV. For the 2500-kPa study, the range of bubble densities ranged from 0.5 to 15 bubbles/1000 mm 2 , and echo amplitudes ranged from $1 to 14 mV. The linear least-squares fits, illustrated by a dotted line on the plots, have r 2 = .43 for the 350-kPa case, and r 2 = .70 for the 2500-kPa case.
Echo Decorrelation as a Function of Pulsing and Bubble Concentration
Decorrelation of microbubble echoes with repeated insonation of adherent targeted contrast agents was studied as a function of acoustic pressure and bubble concentration. MRX-408-1 bubbles adherent to HUVEC were insonified at a rate of 5 pulses/sec, and postprocessing of the scattered echoes was performed to quantify signal decorrelation. Figure 5A -C illustrates echo decorrelation as a function of pulse index (number of pubes per sample volume) for pressures of 350, 700, and 2500 kPa. The data recorded illustrate that decorrelation of the echo occurs more rapidly at lower bubble densities and at higher acoustic pressures. At the highest acoustic pressure, 2.5 MPa, the received echoes decorrelated over a few pulses in all cases. For cell layers with approximately three bubbles bound per cell (1 bubble/ 167 mm 2 , Figure 5A ), the signal required 12 pulses for the correlation magnitude to decrease to zero, in contrast to 5 pulses for 0.1 bubble per cell (1 bubble/5000 mm 2 , Figure 5C ). At the lowest acoustic pressure, 350 kPa, the echoes remained highly correlated for over 1000 pulses, even at bubble densities as low as 1 bubble/10 cells (1 bubble/5000 mm 2 ).
Frequency Analysis of Acoustic Backscatter Enhancement
Echoes were recorded from free and adherent microbubbles, and the frequency spectrum of each was evalu- ated and compared. Free microbubble echoes were recorded from individual bubbles in suspension, whereas adherent microbubble echoes were from low concentration studies that produced a peak time -domain echo amplitude of less than 200 mV. We compared spectra for free-floating targeted microbubbles (MRX-408-5) to those adherent to a HUVEC monolayer ( Figure 6 ). Spectra were corrected for transducer bandwidth. For this reason, the system noise floor, also included in the figure, appears concave over the bandwidth. The spectrum from adherent microbubbles had a mean frequency of 2.3 MHz and a À6 dB bandwidth of approximately 1.5 MHz. In contrast, the mean frequency for the free microbubbles was 2.7 MHz. The bandwidth of the echo from the free contrast agents in this case could not be fully characterized with the 2.25-MHz transducer due to the poor response of the transducer above 3.6 MHz, however, previous experiments performed with a 5-MHz transducer used for detection demonstrated that broadband echo spectra from free contrast agents extends beyond 8 MHz [34] .
Discussion
Both A375m and HUVEC cell lines were found to express abundant functional surface a V b 3 receptors. Optical studies confirmed substantially greater adhesion to the cell monolayers by targeted microbubbles than by control microbubbles. For HUVEC experiments, both the peptide and antibody-targeted bubbles achieved maximum bubble densities of $16 -23 bubbles per cell. Although the binding affinity of the individual RGD peptide bonds in these cases is several orders of magnitude lower than that of the antibody (K dLM609 = 0. 18 Â 10 À9 M [35] vs. K dRGD = $1 Â 10 À6 M [28] ), we hypothesize that the multivalent ligand binding achieved because of the large contact area between the contrast agents and the monolayer results in equivalent adhesion in either case. For a bubble of 2 mm in diameter, we estimate a surface area in contact with the monolayer within the approximate extension range of the PEGligand bioconjugate ($15 nm) to be on the order of 0.09 mm 2 , or 0.75% of the total bubble surface area. Assuming $7.5 mol% of bioconjugate (UCD-T), and an area of the lipid headgroup of $75 Å 2 , the ligand density would be on the order of 1 Â 10 6 per bubble. This bioconjugate density would potentially provide $7500 ligands in contact between a bubble and a monolayer. In this case, the likely limit to bubble adhesion would be integrin expression, conformation, and localization, rather than affinity of RGD versus antibody. Additionally, it is likely that there were differences in the ligand density between the different agent types. For MRX-408-5, $1.3 mol% of bioconjugate is used in the bubble formulation and we estimate $2 Â 10 5 ligands per bubble. Significant differences were not observed between the adhesion of either type of bubble and HUVEC, indicating that contact surface area between the bubbles and the monolayer was great enough so that a minimum number of adhesion ligands was achieved regardless of ligand type. We attribute differences in adhesion between MRX-408-1 and UCD-T for the A375m cells to the nonspecific adhesion which was observed with the MRX agents and the A375m cell line. Although $145,300 -167,500 sites were expressed on suspended A375 cells and HUVEC, respectively, as measured by flow cytometry, it is likely that fewer sites are accessible when the cells are in a monolayer. Confocal microscopy showed that a V b 3 expression was primarily on the edges of the cells (data not shown, and Ref. [36] ), which corresponds with the regions where maximum bubble adhesion was observed. Additionally, agents were observed to adhere in clumps. This observation is consistent with the findings of Lum et al. [37] who report that activated integrins also cluster on the plasma membrane. Thus, it is likely that maximum bubble density was limited by available active integrins and the spatial density of bubbles that could fit around the cell periphery. The density of adherent MRX-133 nontargeted agents was optically measured to be $7-fold higher on A375m cells than on HUVEC. The mechanism for this nonspecific biding is unknown although possibly due to elec- Both peptide-and antibody-targeted agents significantly enhanced the acoustic signal from the targeted cell monolayer, and both demonstrated specificity for the a V b 3 integrin ( p < .05). The adhesion of peptidetargeted bubbles was inhibited by pretreating the monolayer with RGD peptide or LM609 antibody, whereas a control peptide, RGA, showed no blocking effect. Following blocking with RGD peptide, echo amplitude was not reduced to the same extent as antibody blocked monolayers. We hypothesize that this is due to the lower binding affinity of the individual peptide ligands in contrast to the antibody. Acoustic enhancement from A375m cells with the antibody-targeted agents appeared nearly 2-fold higher than observed for enhancement of HUVEC, however, optical counts did not demonstrate this difference.
Initial results support the hypothesis that scattered echo amplitude can be correlated with density of targeted agents, and therefore would be indicative of the degree of expression of molecular target. For low concentrations of microbubbles, peak echo amplitude from adherent bubbles was observed to increase in proportion to the bubble density. There appeared to be a direct correlation between bubble density and signal amplitude. A linear fit of the trend was observed at both acoustic pressures (r 2 = .43, 350 kPa; r 2 = .70, 2500 kPa). This is different than observed in previous studies of contrast agents in suspension, which demonstrated a linear relationship between backscattered power and concentration, rather than amplitude [38] .
Although the large size of gas-core contrast agents, such as those described in this manuscript, may reduce the achievable agent density compared to smaller contrast agents, such as perfluorocarbon nanoparticles, gascore agents retain their utility due to their significant echogenicity and sensitivity to acoustic pressure. The significant mismatch in acoustic impedance between tissue and a microbubble contrast agent means that an ultrasonic imaging system can detect the echo from only a few microbubbles within the acoustic sample volume. Previous studies by Leong-Poi et al. [9] have reported significant acoustic enhancement for targeted bubble retention in a rat tumor model on the order of 7 -20 bubbles per 10 optical fields or 0.5 mm 2 . Although this sensitivity could also be viewed as a drawback in the case of nonspecific bubble retention, the increased concentration of adherent bubbles at a target site provides a substantial increase in signal-to-noise over the echoes from a much lower concentration of nonspecifically retained bubbles. Additionally, the most significant advantage of this type of agent is its sensitivity to acoustic pressure. High-intensity ultrasound rapidly disrupts microbubble contrast agents, and the decorrelation of the resulting echo provides a means to discriminate contrast agent echoes from tissue. This technique of decorrelation-based contrast imaging is unique to ultrasound.
At high acoustic pressures (2.5 MPa), the scattered echo from adherent bubbles decorrelated rapidly as bubbles were destroyed. This effect was pronounced at lower concentrations, requiring less than half the number of transmitted pulses to achieve similar decorrelation for an order of magnitude less dense bubbles. Lower acoustic intensities did not produce rapid signal decorrelation. This implies that targeted agents adherent at a vascular site could be imaged repeatedly and nondestructively with the use of low acoustic intensities. This relationship between decorrelation rate and bubble density may also provide a means for estimating adherent bubble concentration, and therefore receptor density. Decorrelationbased techniques have shown initial promise in detection of contrast agents in animal models, but have not yet been used to estimate bubble density [39] .
Adherent agents produced an echo of large magnitude, even greater than that of free-floating contrast agents at an order of magnitude higher acoustic pressure. Although for these experiments we were unable to compare the concentration of the free and adherent bubbles, we hypothesize that this magnitude difference may be due to the contrast agents scattering ultrasound coherently when bound to the cell monolayer. Similar results have been documented for perfluorocarbon nano- Figure 6 . Echo spectra scattered from free bubbles in suspension as compared to adherent microbubbles, and plotted in addition to the noise floor of the system. Suspended microbubbles produce a more wideband response than adherent microbubbles.
particles, which are weakly echogenic in suspension, but can produce a substantial scattered echo when deposited in a layer [40, 41] . Additionally, a similar high-amplitude, narrow bandwidth, signal is observed when contrast agents are concentrated along a surface due to radiation force [42] . Microbubbles adherent to a cell layer act as a strong reflector of the transmitted center frequency and show a high-amplitude narrowband spectrum. In contrast, free microbubbles produce an extremely broadband signal [42, 43] . This difference in frequency content may be taken advantage of by imaging schemes designed to separate the signals from adherent and nonadherent bubbles.
Conclusion
This study contributes to the field of targeted imaging with ultrasound with the first analysis of the acoustic responses from microbubbles adherent to a V b 3 -expressing cells. Preliminary results indicate that targeted agents can substantially increase the backscattered energy from a targeted site, unlike traditional nontargeted agents. Additionally, the scattered echo from targeted contrast agents is proportional to the density of adherent agents, and decorrelates rapidly with high transmitted acoustic pressures. It is observed that targeted microbubbles adherent in a layer produce a large narrowband response, which has less harmonic content than echoes from free microbubbles. These results demonstrate that targeted contrast can substantially increase the signal-to-noise from a target site, and therefore may increase the sensitivity of ultrasound to pathologies otherwise difficult to detect.
